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Bifunctional chemotherapeutic drugsPso2 protein, a member of the highly conserved metallo-b-lactamase (MBL) super family of nucleases,
plays a central role in interstrand crosslink repair (ICL) in yeast. Pso2 protein is the founder member
of a distinct group within the MBL superfamily, called b-CASP family. Three mammalian orthologs of this
protein that act on DNA were identiﬁed: SNM1A, SNM1B/Apollo and SNM1C/Artemis. Yeast Pso2 and all
three mammalian orthologs proteins have been shown to possess nuclease activity. Besides Pso2, ICL
repair involves proteins of several DNA repair pathways. Over the last years, new homologs for human
proteins have been identiﬁed in yeast. In this review, we will focus on studies clarifying the function
of Pso2 protein during ICL repair in yeast, emphasizing the contribution of Brazilian research groups in
this topic. New sub-pathways in the mechanisms of ICL repair, such as recently identiﬁed conserved Fan-
coni Anemia pathway in yeast as well as a contribution of non-homologous end joining are discussed.
 2013 Elsevier Inc. All rights reserved.1. Introduction
DNA is constantly challenged by agents that can impose struc-
tural damage either on one or both strands of the DNA duplex.
DNA interstrand crosslinks (ICLs) are among the most toxic forms
of DNA damage because they affect both DNA strands, can block
DNA replication and transcription, and consequently disrupt ge-
netic information. Some environmental (e.g., UVC radiation) and
endogenous (e.g., bifunctional electrophiles, such as malonic dial-
dehyde, a product of lipid peroxidation; the small glycolytic path-
way metabolite acetaldehyde) agents may form ICLs, a fact that has
triggered signiﬁcant selection during evolution for the develop-
ment of mechanisms that allow cells to repair and tolerate this le-
sion (Niedernhofer et al., 2003; Brendel et al., 2010; Wood, 2010).
Understanding the repair of this crosslink is also very relevant be-
cause agents that induce ICLs are widely used in cancer chemo-
therapy and phototherapy (Dronkert and Kanaar, 2001; Noll
et al., 2006; Wood, 2010).
Cells have the capacity to repair ICLs through highly complex
DNA repair mechanisms, including nucleotide excision repair
(NER), homologous recombination (HR), non-homologous endjoining (NHEJ), translesion synthesis (TLS) and postreplication re-
pair (PRR) (Henriques et al., 1997; McHugh et al., 2000; Brendel
et al., 2003; Sarkar et al., 2006; Lehoczky´ et al., 2007). Additionally,
several genes involved in ICL repair were originally identiﬁed in
Saccharomyces cerevisiae, named PSO1 through PSO10 (Table 1).
Eight of these genes (PSO1–PSO5, PSO8–PSO10) encode for proteins
that are involved in the repair of DNA lesions generated by photo-
induced psoralens and by other mutagens, while two, PSO6 and
PSO7, encode for proteins responsible for structural elements of
the membrane and for a functional respiratory chain, respectively
(Henriques et al., 1997; Brendel and Henriques, 2001; Brendel
et al., 2003). PSO2 gene has particularly attracted most attention
because it encodes for a protein – Pso2p – identiﬁed as indispens-
able for repair of ICLs that are produced by a variety of bi- and
poly-functional mutagens. Afterwards, this family of proteins was
shown to be likewise important for repair function in humans
(Brendel and Henriques, 2001; Bonatto et al., 2005d; Hemphill
et al., 2008; Cattell et al., 2010).
Currently, ICL repair is believed to occur by at least two path-
ways: one operating in the S-phase triggered by the stalling of a
replication fork at an ICL, and one outside of S-phase that may be
initiated by NER or a stalled RNA polymerase (Guainazzi and
Schärer, 2010). Common features of both pathways include an
endonucleolytic unhooking step that releases the ICL from one of
the two strands of the duplex, and a TLS step that bypasses the
Table 1
The 10 PSO loci: allelism, function, and phenotypes.
Gene/Alelle Protein function Phenotype of mutant References
PSO1/REV3 Catalytic subunit of DNA polymerase zeta (Polf) Sensitive to radiation and chemical mutagens; low
mutability
Cassier-Chauvat
and Moustacchi
(1988)
PSO2/SNM1 50-exonuclease; endonuclease speciﬁc for DNA
hairpin opening
Sensitive to all ICL-inducing treatments; low mutability only
with ICL mutagens
Henriques and
Moustacchi
(1980)
PSO3/RNR4 Ribonucleotide reductase Low induced mutability and recombination; sensitive to low
temperature growth and to ROS; cells do not enter
stationary phase
Strauss et al.
(2007)
PSO4/PRP19 (essential) Spliceosome associated protein Mutagen sensitive; no mitotic recombination; low
mutability; no sporulation at 30 C
Grey et al. (1996)
PSO5/RAD16 DNA helicase, NER of silent genome UVC- and oxidative damage-sensitive; involved in control of
ageing; normal mutability
Paesi-Toresan
et al. (1995)
PSO6/ERG3 Ergosterol desaturase Sensitive to ROS, to nystatin, to calcoﬂuor white; chitin
overproduction and maldistribution
Schmidt et al.
(1999)
PSO7/COX11 Cytochrome c oxidase Growing cells sensitive to 4NQO, 8HQ and NDEA Pungartnik et al.
(1999)
PSO8/RAD6 Ubiquitin conjugated enzime (E2); acts on PRR
(forms heterodimer with Rad18p)
UVC sensitive; low mutability; variable sporulation; slow
growth at 16 C
Rolla et al. (2002)
PSO9/MEC3 Cell cycle control in response to DNA damage in G2;
subunit of heterodimeric complex Rad17p-Mec3p-
Ddc1p
UVC sensitive; normal sporulation; low mutability Kondo et al.
(1999)
PSO10/MMS21 DNA repair proteins sumoilation UVC- and 8-MOP+UVA sensitive; reduced mutagenesis;
blocked for sporulation
Hoch et al. (2008)
Abbreviations: ICL – DNA interstrand crosslink; ROS – reactive oxygen species; UVC – irradiation with 254 nm UV-light; MNNG – N-methyl-N0-nitro-N-nitrosoguanidine;
4NQO – 4-nitroquinoline N-oxide; 8HQ – 8-hydroxyquinolineoxide; NDEA – N-nitrosodiethylamine; 8-MOP+UVA – pre-treatment with 8-methoxypsoralen and irradiation
with 365 nm UV-light.
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intact template to complete the repair process (Ho et al., 2011).
Over the last years, new homologs for human ICL-repair pro-
teins have been identiﬁed in yeast; furthermore, sub-pathways in
the already known DNA repair pathways have been described
(Symington and Gautier, 2011; McHugh et al., 2012; Ward et al.,
2012). These facts lead to the proposition of a broader role for
Pso2 protein in the maintenance of genomic stability. In this re-
view, we focus on studies clarifying the function of Pso2 protein
during ICL repair in yeast, emphasizing the contribution of Brazil-
ian research groups in this topic. New sub-pathways in the mech-
anisms of ICL repair, such as recently identiﬁed conserved Fanconi
Anemia pathway in yeast, which was believed to occur only in
mammals (Daee et al., 2012; Ward et al., 2012), as well as contri-
bution of classical non-homologous and microhomology-mediated
end joining are discussed. Besides focusing on the budding yeast S.
cerevisiae, results in mammals are refereed when appropriate.
Additionally, we propose a model for Pso2p function in repair of
ICLs induced by photoactivated psoralen in yeast, based on pub-
lished data and ﬁndings from our group.2. Pso2/SNM1 family – Discovery and importance in ICL repair
The identiﬁcation of S. cerevisiae mutants hypersensitive to
photoactivated psoralen (pso2 mutants) (Henriques and Moustac-
chi, 1980), and to nitrogen mustard (snm1 mutants) (Ruhland
et al., 1981a) in the 80s led to the emergence of a new focus of inter-
est related to the repair of ICLs, the most cytotoxic lesion caused by
these agents. PSO2 and SNM1 genes were later identiﬁed to be alle-
lic (Cassier-Chauvat and Moustacchi, 1988) and the standard
nomenclature PSO2 was adopted (Brendel and Henriques, 2001).
Pso2 protein is the founder member of a distinct group within
the metallo-b-lactamase (MBL) superfamily, called b-CASP family.
The well conserved b-CASP domain, named according to the names
of its representative members (CPSF, Artemis, SNM1, Pso2) forms
an insertion cassette within the MBL domain (Brendel and Henri-
ques, 2001; Callebaut et al., 2002; Brendel et al., 2003; Bonattoet al., 2005d; Dominski, 2007; Cattell et al., 2010). Hydrophobic
cluster analysis (HCA) allowed this family of proteins to be identi-
ﬁed in all three life domains – eukaryotes, bacteria and archea
(Callebaut et al., 2002; Bonatto et al., 2005a).
ICLs are induced by bifunctional drugs, as well as by endoge-
nous agents formed by lipid peroxidation, resulting in covalent
linkage between both DNA strands (Schärer, 2005; Lehoczky´
et al., 2007). Besides ICLs, bifunctional agents also may induce
the formation of intrastrand cross-links (IaCLs) and DNA–protein
cross-links, but the former is believed to be the critical cytotoxic le-
sion caused by these agents (Dronkert and Kanaar, 2001).
The particular sensitivity of pso2 mutants to ICL-inducing
agents suggests a specialized role for Pso2p in the repair of dou-
ble-strand breaks (DSBs) formed during repair of ICL lesions (Henr-
iques and Moustacchi, 1980; Magaña-Schwencke et al., 1982;
Barber et al., 2005; Lam et al., 2008). ICL-induced DSBs must differ
in some aspects from other forms of DNA breaks, since pso2 mu-
tants possess a WT-like sensitivity to ionizing radiation that also
produces, between other types of lesions, DSBs (Henriques and
Brendel, 1990; Henriques et al., 1997). Moreover, pso2 mutants
are normal in repair of HO-induced DSBs (Li and Moses, 2003),
which present DNA-ends able to be joined or extended by DNA
polymerases without further processing (also called ‘clean ends’)
(Symington and Gautier, 2011). This indicates that ICLs may lead
to the formation of DSBs that need to be processed in order to gen-
erate DNA intermediates accessible for repair proteins.
New studies over the years have led to the identiﬁcation of ﬁve
Pso2p homologs in mammals and humans. Two of these proteins,
CPSF73 and ELAC2, are involved in RNA processing (Jenny et al.,
1996; Takaku, 2003), while SNM1A, SNM1B/Apollo and SNM1C/
Artemis have roles in DNA metabolism and cell cycle regulation
(Dronkert et al., 2000; Moshous et al., 2001; Demuth et al., 2004;
Ishiai et al., 2004; Bae et al., 2008). The structure and function of
yeast Pso2p and human SNM1 protein have been described in re-
cent reviews (Bonatto et al., 2005b; Dominski, 2007; Cattell
et al., 2010; Yan et al., 2010), therefore the interested reader is re-
ferred to these papers for more detailed descriptions of the chem-
ical and biochemical reactions involved.
124 F.M. Munari et al. / Fungal Genetics and Biology 60 (2013) 122–132SNM1A is a 50-exonuclease with a preference towards ss-DNA
and is considered the functional mammal homolog of yeast Pso2p
(Bonatto et al., 2005b; Hazrati et al., 2008). Recent ﬁndings ofWang
et al. (2011) showed that the 50-exonuclease activity of puriﬁed
SNM1A on ds-DNA is unimpeded by an ICL, removing one strand
of the damaged helix resulting in a single nucleotide tethered to
ss-DNA. These ﬁndings corroborate those of Räschle et al. (2008),
which show that unhooking of an ICL at converging replication
forks results in the production of a tethered oligonucleotide, which
is further digested to a single nucleotide tethered to the template
DNA that is a possible substrate for degradation by exonuclease
activity of SNM1A. It was suggested that in mammalian cells repli-
cation does not restart at collapsed forks, as occurs in yeast, but is
resumed upon new origin ﬁring from adjacent origins, which leads
to two-ended DSBs when new forks encounter collapsed forks (Tru-
ong et al., 2013). SNM1B/Apollo also possesses a 50-exonuclease
activity and acts prior to incision step, facilitating DSB formation
in response to ICLs (Bae et al., 2008). This protein also plays a central
role in telomere maintenance and protection during S phase (Van
Overbeek and De Lange, 2006). SNM1C/Artemis is an endonuclease
which is highly phosphorylated in the C-terminal domain by DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), and it
probably does not play a major role in ICL repair (Riballo et al.,
2004). The Artemis:DNA-PK complex cleaves 50 and 30 overhangs
and has hairpin-opening activity, acting in V(D)J recombination
and immune competence (Ma et al., 2002; Rooney et al., 2003). Re-
moval of the Artemis C-terminal domain results in constitutive acti-
vation of its endonuclease activity (Niewolik et al., 2006).
The Pso2/SNM1 family plays a very signiﬁcant role in the main-
tenance of genome integrity. As highlighted in Table 2, the absence
of these proteins in humans may lead to the development of chro-
mosomal instability and diseases, e.g., SNM1C/Artemis deﬁciency
results in a severe combined immunodeﬁciency associated with in-
creased cellular radio-sensitivity (RS-SCID) phenotype (Moshous
et al., 2001). Additional relevant aspects about yeast Pso2p and
its human homologs SNM1A, SNM1B/Apollo and SNM1C/Artemis
are summarized in Table 2.
Many clinically important anticancer drugs are bifunctional
agents, including psoralens activated by irradiation with UVA
(PUVA therapy), mitomycin C, platinum compounds such as cis-
diamminedichloroplatinum(II) (cis-platinum; cis-DDP), nitrogen
mustards (e.g., mechlorethamine; HN2) and chlorambucil (Bauer
and Povirk, 1997; McHugh et al., 2000; Noll et al., 2006). Addition-
ally, the employment of organotellurium compounds in antiprolif-
erative therapy has been suggested based on their cytotoxicity
(Engman et al., 2000). Diphenyl ditelluride (DPDT), a potential pro-
totype for development of new drugs, has shown to induce DSBs in
mammalian cells (Degrandi et al., 2010). Moreover, cell survival as-
says with S. cerevisiae revealed pso2 mutant to be highly sensitive
to DPDT treatment, indicating that Pso2p plays an important role
in repair of lesions caused by this treatment (Cruz, 2012). However,
signiﬁcant levels of resistance against the agents used in cancer
therapy are found in tumor cells, in large part due to DNA repair
pathways that remove cross-link adducts from DNA (Ho and Schä-
rer, 2010). For example, it is known that human SNM1A has roles
in mediating resistance to some cross-linking drugs used in che-
motherapy (Yan et al., 2010). Thus, the study of pathways involved
in ICL repair is of great interest and may lead to the development of
more effective protocols for the treatment of cancer.3. New functions proposed for Pso2 family of nucleases
The Pso2 protein was ﬁrst identiﬁed as a 50-exonuclease in S.
cerevisiae by Li et al. (2005). Recently, Tiefenbach and Junop
(2012) have reported a structure-speciﬁc endonuclease activityto Pso2p for the opening of DNA hairpins in yeast. Interestingly,
phylogenetic and other bioinformatics studies have previously
pointed to a hairpin opening activity for Pso2p (Brendel et al.,
2003; Bonatto et al., 2005a), and this activity was further shown
to be required in vivo for repair of chromosomal breaks when the
generated DSBs contain covalently closed DNA hairpin ends (Tie-
fenbach and Junop, 2012). These ﬁndings suggest that Pso2p may
also function outside of ICL repair, in particular DNA hairpin repair
and suggest that Pso2p and human SNM1Amay function at least in
part during ICL repair by processing DNA intermediates including
DNA hairpins and/or hairpin-like structures, generated directly or
indirectly by ICL damage, although the relevant physiological pro-
cesses that generate DNA hairpin substrates for Pso2p remain to be
elucidated (Brendel et al., 2003; Li and Moses, 2003; Tiefenbach
and Junop, 2012). Interestingly, both exo- and endonuclease activ-
ities of Pso2p depend on the same active site (Tiefenbach and Jun-
op, 2012), composed by MBL and b-CASP domains (Callebaut et al.,
2002).
Pso2 protein also has been implicated in processing unhooked
ICLs in yeast (Sarkar et al., 2006). This fact turns the mammalian
homolog protein SNM1A as a candidate for end processing of un-
hooked ICLs in mammals, a step that greatly facilitates TLS to occur
(Ho et al., 2011). The identiﬁcation of Pso2 homologs in mammals
and humans has led to the characterization of new functions for
the conserved SNM1 domain (Table 2). Several protein–protein
interactions have been mapped to this domain, indicating that
SNM1 domain has biochemical functions in addition to its nuclease
activities (Yan et al., 2010). All three mammal proteins (SNM1A,
SNM1B, and SNM1C) have been implicated in cell cycle checkpoint
responses to different forms of cellular stress (Pungartnik et al.,
2002; Akhter et al., 2004; Cattell et al., 2010; Yan et al., 2010). In-
deed, SNM1 gene family has a clear role in the maintenance of
genomic integrity and in the suppression of tumorigenesis in
mammals (for more information, see ‘Genetic and physical interac-
tions’ in Table 2).
Considering other species than mammals, phylogenetic and bio-
informatics studies have indicated that Pso2 family constitutes a
diverse group and subgroups of proteins that potentially could
have other roles on the maintenance of cell homeostasis beyond
DNA repair processes (Table 3) (Bonatto et al., 2005a,b,c). In this
sense, our research group evaluated the diversity of Pso2 proteins
found in sequenced genomes of metazoan and protozoa species,
whose results indicated the presence of: (i) an speciﬁc DNA ligase
family only found in plants termed DNA ligase VI or LIG6 (Bonatto
et al., 2005a); (ii) Artemis-like proteins in insects and fungi (Bon-
atto et al., 2005c); (iii) Plasmodium sp. associated Pso2p sequences
(Bonatto et al., 2005b); and (iv) a unique Pso2p large sequence
found only in fungi whose primary structure includes four inde-
pendent functional domains (Bonatto et al., 2005b).
In plants, phylogenetic and hydrophobic cluster analysis of
Pso2p-like sequences indicated the presence of a plant-unique fu-
sion protein containing both Pso2p A (SNM1A domain) and DNA li-
gase I (LIG1) domains, which was named Lig6p (Bonatto et al.,
2005a). The analysis of primary and secondary structures of Lig6p
as well as microsynteny studies indicated that this new protein
family could act in DNA repair and other processes like develop-
ment and aging. In fact, experimental data obtained from mutant
LIG6 lines for Arabidopsis thaliana showed a signiﬁcant hypersensi-
tivity to seed ageing, and a delayed germination and reduced seed
viability when compared towild-type A. thaliana lines (Waterworth
et al., 2010). The authors pointed to a DNA repair role of Lig6p dur-
ing seed germination, where DSBs could arise from the transition of
seed quiescence to a metabolic activated state due to increase for-
mation of reactive oxygen species (Waterworth et al., 2010). In
addition, Huefner et al. (2011) showed that A. thaliana lig6 mutant
lines are unable to repair hairpin-ended double strand breaks
Table 2
Mammalian homologs for Pso2 protein of Saccharomyces cerevisiae.
Yeast Mammalian
Pso2p SNM1A SNM1B/Apollo SNM1C/Artemis
Activity
50-exonuclease (Li et al., 2005),
independent of DNA structure, but
dependent on the presence of a 50-
phosphate (Tiefenbach and Junop,
2012)
50-exonuclease, preference
towards ss-DNA (Hejna et al.,
2007)
50-exonuclease, low substrate
preference (Lenain et al., 2006)
Endonuclease, cleaves 50 and 30 overhangs
and hairpins (Ma et al., 2002; Rooney
et al., 2003)
Endonuclease, speciﬁc for DNA hairpin
structures (Tiefenbach and Junop,
2012)
Puriﬁed human SNM1A can load
from a single DNA nick and digest
past an ICL (Wang et al., 2011)
Presents 33% similarity with yeast
Pso2 (Demuth et al., 2004)
Possesses a C-terminal domain that is
highly phosphorylated by DNA-PKcs (Ma
et al., 2005)
Presents the highest sequence
similarity –39% – to yeast Pso2
(Dronkert et al., 2000; Ishiai et al.,
2004)
The puriﬁed protein alone possesses
instrinsic 50-exonuclease activity, speciﬁc
for ss-DNA (Ma et al., 2002; Pannicke
et al., 2004)
Function
Required for a post-incision step in ICL
repair; however, a late step in crosslink
repair that is required for restoration of
high molecular weight DNA after the
initial repair processes appeared to be
defective (Magaña-Schwencke et al.,
1982; Wilborn and Brendel, 1989;
Brendel et al., 2003)
Suppresses ICL-induced DSBs
during replication (Demuth et al.,
2004; Wang et al., 2011)
Acts prior to incision, facilitating DSB
formation in response to ICLs (Bae
et al., 2008)
Probably does not play a major role in ICL
repair, acts in a subset of DNA DSBs
induced by IR (Riballo et al., 2004) and in
V(D)J recombination, prior to rejoining by
NHEJ (Moshous et al., 2001)
Collaborates with XPF-ERCC1 in
initiating ICL repair in replicating
cells (Wang et al., 2011)
In case of spindle stress, involved in
prophase checkpoint cell cycle (Van
Overbeek and De Lange, 2006; Akhter
et al., 2010)
Acts as a tumor suppressor in mice
knockout for p53 (Rooney et al., 2004)
Required for checkpoint mediated
cell cycle arrest in early prophase
in response to mitotic spindle
poisons (Akhter et al., 2004)
Telomere maintenance and protection
during S-phase (Van Overbeek and De
Lange, 2006)
Mutant/depletion phenotype
Sensitivity to ICL-inducing agents, e.g.,
psoralen+UVA, cyclophosphamide,
cisplatin, mitomycin C, oxaliplatin (da
Silva et al., 1980; Henriques and
Moustacchi, 1981; Ruhland et al.,
1981a)
Depletion increases sensitivity to
ICL-inducing agents in mouse,
chicken, and human (Dronkert
et al., 2000; Ishiai et al., 2004)
Accumulation of DNA damage
response factor at telomere ends (S
phase) (Van Overbeek and De Lange,
2006)
Patients lacking functional Artemis
develop radiosensitive severe combined
immunodeﬁciency (RS-SCID) (Moshous
et al., 2001)
Low mutability, only for ICL-inducing
mutagens (Cassier et al., 1980;
Henriques and Moustacchi, 1980; Safﬁ
et al., 2001)
Chromosomal instability
(Hemphill et al., 2008)
Chromosomes end-to-end fusions in
knockout mice (Lenain et al., 2006)
Chicken cells Artemis-deﬁcient exhibited
sensitivity to X-rays but not to cisplatin
(Ishiai et al., 2004)
SNM1A-depleted human cells are
ICL-sensitive and accumulate
replication-associated DSBs (Wang
et al., 2011)
May cause Hoyeraal-Hreidarsson
syndrome in males, characterized by
aplastic anemia and
immunodeﬁciency (Touzot et al.,
2010)
Genetic and physical interactions
Nonepistatic with RAD52 in stationary
phase (Henriques and Moustacchi,
1981), RAD50, MRE11 (Barber et al.,
2005; Munari et al., unpublished data),
RAD27,MSH2 genes (Barber et al., 2005)
Nonepistatic with XRCC3 (HR),
RAD18 (TLS), FANCC (FA pathway),
and SNM1B in ICL repair (Ishiai
et al., 2004)
Epistatic with the central FA factor
FANCD indicating that it functions
within the FA pathway during ICL
repair (Cole, 1973; Mason and
Sekiguchi, 2011)
Interacts with the Cul4A–DDB1 ubiquitin
ligase complex, consisting of a novel
pathway for the regulation of p27 in
mammals (Yan et al., 2011)
Epistatic with RAD3 (NER) (Henriques and
Moustacchi, 1981), REV3 (TLS repair)
(Barber et al., 2005; Henriques et al.,
1997), RAD52 in exponential phase
(Munari et al., unpublished data), XRS2,
EXO1 genes (Barber et al., 2005)
Interacts with PIAS1, and they
colocalize at nuclear foci,
overlapping with those formed by
the MRN complex and BRCA1
(Ishiai et al., 2004)
Recruited to telomeres via its
interaction with TRF2 (Demuth et al.,
2004)
Large-scale protein-interactome studies
suggested interaction with Mgm101p
(Ho et al., 2002)
Interacts with Astrin, a mitotic-
spindle-associated protein (Yan
et al., 2010)
Interacts with the MRN complex and
with the nuclease heterodimer
MUS81-EME1 (Liu et al., 2009)
Epistatic for ICL repair with Mph1p and
Mgm101p (Ward et al., 2012)
Interacts with Astrin, and is required
for a prophase cell cycle checkpoint
(Liu et al., 2009)
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liana, indicating that Pso2p A (SNM1A) domain could be involved in
the opening of hairpin-end structures generated by transposon
excision mechanisms.
Other interesting Pso2p sequence is that found in Plasmodium
sp. (Table 3) (Bonatto et al., 2005c), the etiological agent of malaria.In this sense, phylogenetic and sequence structure data indicated
that Plasmodium Pso2p is completely different to the canonical
Pso2p sequences of fungi and metazoans (Bonatto et al., 2005c).
The functions of Plasmodium Pso2p sequences are currently un-
known, but it can be speculated that it can participate, in a similar
way of SNM1C/Artemis, in the generation of antigenic surface
Table 3
Major groups, subgroups, and associated functions of proteins belonging to Pso2p/Snm1p family.
Group Subgroup Function References
Pso2p Plasmodium
(PPG)
– Unknown Bonatto et al. (2005b)
Pso2p/Snm1p A Fungal Pso2p A ICL repair Brendel et al. (2003),
and Bonatto et al.
(2005b,d)
Multicellular
eukaryotic Pso2p A
DNA repair of ICL generated by mitomycin C and cisplatina; repair of oxidized bases by
means of recombination (A. thaliana e O. sativa); chromatin maintenance
Dronkert et al. (2000),
Ishiai et al. (2004),
Molinier et al. (2004),
and Kimura et al.
(2005)
Plant-speciﬁc Pso2p
A
Repair of hairpin-ended DSB generated by transposition events; repair of DSB generated by
increase metabolic activity in seed during germination; maintenance of seed longevity
Bonatto et al.
(2005a,d), Waterworth
et al. (2010), and
Huefner et al. (2011)
Protozoan Pso2p A Unknown Bonatto et al. (2005b)
Pso2p/Snm1p B (Apollo) Leishmania Pso2p B Unknown Bonatto et al. (2005b)
Multicellular
eukaryotic Pso2p B
Repair of ICLs and DSBs generated by ionizing radiation Bonatto et al. (2005b)
Plant-speciﬁc Pso2p
B
Unknown Bonatto et al. (2005b)
Artemis Fungi Artemis-like
proteins
Unknown Bonatto et al. (2005c)
Metazoan Artemis/
Artemis-like proteins
Repair of hairpin-ended DSB generated by V(D)J recombination; NHEJ repair of DSB
generated by ionizing radiation; chromatin maintenance
Jeggo and O’Neill
(2002), and Bonatto
et al. (2005c,d)
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allow Plasmodium sp. to evade metazoan immune system (Bonatto
et al., 2005c). Finally, the presence of Artemis-like sequence in
some fungi and invertebrates species (Table 3) is also intriguing
(Bonatto et al., 2005c). Despite the functions of those Artemis-like
sequences are completely unknown, their presence could indicate
the participation of these proteins in mechanisms related to the
generation of genetic diversity, like meiotic recombination (Bon-
atto et al., 2005c). It is important to note that all fungi and inverte-
brates species that contain Artemis-like sequences also display
canonical Pso2p A sequences (Bonatto et al., 2005c).
4. Alternative pathways for DSB repair and their relation to Pso2
protein
DSBs arise as normal consequences of cell division and differen-
tiation (Guirouilh-Barbat et al., 2007) and consist of essential inter-
mediates during programmed recombination events, such as
meiosis, budding yeast mating-type interconversion, and lympho-
cyte development (Krogh and Symington, 2004; Soulas-Sprauel
et al., 2007). Consequently, the repair of chromosome breaks is
essential to maintain genome integrity (Haber, 2008). DSBs may
also originate from the resolution of replication forks stalled near
an ICL induced by bifunctional chemotherapeutic drugs (Lehoczky´
et al., 2007). The most important phenotypic defect of pso2mutant
is reduced repair of these DSBs, associated with ICL induction in
replicating cells that are generated independently of NER activity
(McHugh et al., 2000; Cattell et al., 2010).
Cells use two major pathways to faithfully repair DSBs, namely
HR and canonical NHEJ (referred in this review as NHEJ). NHEJ is
Ku-dependent and, in addition to the Ku heterodimer (YKu70p-
YKu80p), it also involves, in yeast, Lig4p associated with its cofac-
tors Lif1p and Nej1p (Lees-Miller, 2003). In mammals, the complex
DNA-PKcs-Artemis is also required (Niewolik et al., 2006). During
NHEJ, annealing of fully complementary single-stranded ends can
result in accurate repair. However, most breaks created during cel-
lular metabolism do not possess complementary ends and NHEJ
frequently proceeds through annealing of short microhomologoussequences, and subsequent processing of DNA ends leads to small
(1–4 nt) deletions and insertions in repair products (McVey and
Lee, 2008).
Recently, a repair mechanism that is Ku-independent has re-
ceived increasing attention, namely microhomology-mediated
end joining (MMEJ). One of the ﬁrst demonstration of MMEJ was
reported from assays investigating repair of restriction-enzyme-
linearized plasmids that were transformed into YKu80p-deﬁcient
S. cerevisiae (Boulton and Jackson, 1996). Subsequent studies with
mammalian cell model systems supplied the ﬁrst genetic evidence
that this repair mechanism was distinct from NHEJ (Kabotyanski
et al., 1998; Verkaik et al., 2002; Guirouilh-Barbat et al., 2004).
The large number of approaches used to study this mechanism in
the last 5 years has led to the use of different terms to describe
it, like alternative NHEJ (A-NHEJ), Ku-independent end-joining,
and backup NHEJ (B-NHEJ) (Ma et al., 2003; Corneo et al., 2007;
Haber, 2008; Wu et al., 2008); however, we choose to use the
nomenclature MMEJ that seems more widespread. MMEJ is acti-
vated when replication forks are collapsed, suggesting that MMEJ
has critical biological functions to cope with genomic stress in
mammalian cells (Truong et al., 2013).
The foremost distinguishing property of MMEJ is the use of lar-
ger microhomology sequences (5–25 bp) during the alignment of
broken ends before joining, thereby resulting in larger deletions
ﬂanking the original break. By this reason, MMEJ is also frequently
associated with chromosome abnormalities such as deletions,
translocations, inversions and other complex rearrangements
(McVey and Lee, 2008). Accordingly, MMEJ may contribute to the
chromosomal translocations that give rise to lymphoid cancers
(Nussenzweig and Nussenzweig, 2007). It remains controversial
if MMEJ is a subclass of single-strand annealing (SSA), a pathway
that creates deletions via annealing at directly repeated sequences
of >30 bp. In S. cerevisiae, MMEJ is independent of Rad52p and
YKu70p, which distinguish it from SSA and NHEJ, respectively (re-
viewed in McVey and Lee, 2008; Symington and Gautier, 2011).
In S. cerevisiae, MMEJ becomes more efﬁcient with blunt-ended
breaks or incompatible overhangs, which are both poor NHEJ sub-
strates (Boulton and Jackson, 1996; Zhang and Paull, 2005). In both
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while in yku70 mutants accelerated ss-DNA formation accounts,
in part, for increased MMEJ repair (McHugh et al., 2001; Decottig-
nies, 2007; Hart et al., 2007). In fact, deletion of Ku proteins in S.
cerevisiae allows more robust 50–30 resection of the ends that is a
necessary step to expose regions with approximately 10-bp micro-
homologies (Haber, 2008). Studies on the characterization of MMEJ
showed that the proteins Mre11, Nej1, Srs2, Sae2 and Tel1 are in-
volved in either the mechanics or regulation of MMEJ in S. cerevisi-
ae. Also, Rad1p–Rad10p structure-speciﬁc endonuclease has a key
role in MMEJ by cleaving 30 ﬂaps from an annealed intermediate
(Ma et al., 2003; Lee and Lee, 2007). The presence of inserted nucle-
otides at many MMEJ junctions indicates that error-prone poly-
merases are frequently involved in the processing stages of
repair. Indeed, translesion DNA polymerases Polg and Polf partic-
ipate in MMEJ in S. cerevisiae, and deletion of POL32, a nonessential
Pold subunit, causes severe decrease in MMEJ repair frequency (Lee
and Lee, 2007). Finally, ligation of annealed and fully processed
joints is achieved by DNA Ligase I and Ligase IV (McVey and Lee,
2008).0.0 0.5
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Fig. 1. Survival of haploid S. cerevisiae BY4741 (WT) or BY4742 (WT) and isogenic mu
treatment with 8-methoxypsoralen plus UVA. A box in (A) shows mutants for PSO2 andM
disruption of PSO2 gene by homologous recombination, using vector pGADT7 for amp
protocol. The disruption cassette was ampliﬁed with Platinum high ﬁdelity Taq DNA
AAGAAGATCTGAAGGGTCAGGTTGCTTTCTCAGG 30 and 50 TTATTTAGCCGCC CGCGTTTTCCT
by prototrophy for leucine, using synthetic medium (SynCo) supplemented with the appr
(PCR) with primers constructed for an internal region of PSO2 gene (50 GAGACTATCTCT
assayed for 8-MOP+UVA sensitivity according to Henriques and Moustacchi (1980).Considering the ability of Pso2 nuclease to process complex
DNA-ends, and the observed accumulation of DSBs during replica-
tion in pso2 mutant, it is likely that Pso2p plays a role in resection
of repair intermediates formed from cleavage of ICL-stalled replica-
tion forks (McHugh et al., 2000), providing substrate for down-
stream events in the DSB repair pathways. At least part of the
substrate should be directed to error-prone pathway as pso2 mu-
tant is blocked for induced mutagenesis following treatment with
cross-linking agents (Cassier et al., 1980; Henriques and Brendel,
1990). Sarkar et al. (2006) showed that Pso2p and TLS form a single
ICL repair pathway during G1-phase in haploid cells, which ac-
counts for most ICL-induced mutagenesis in yeast. However, in this
situation DSBs do not form.
Results from our group with 8-MOP+UVA treated yeast cultures
showed additive interaction of PSO2 and RAD52 in stationary phase
(Henriques and Moustacchi, 1981) but epistatic interaction in
exponential phase (equal high sensitivity of the single and double
mutants; Munari et al., unpublished results). These results rein-
force the cell cycle speciﬁcity of the repair and suggest that in rep-
licating cells Pso2p acts in Rad52p-dependent pathway after ICL1.0
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tants for PSO2 and MRX complex genes – (A) MRE11, (B) RAD50, (C) XRS2 – after
RE11 genes treated with nitrogen mustard. The double mutants were constructed by
liﬁcation of pso2::LEU2 disruption cassette, in accordance to Ausubel et al. (1995)
polymerase (Invitrogen) with the primers 50 ATGTCAAGGAAATCTATAGT GCAAAT
AACGTTTTCCCAACATTTTATGCTTCCGGCTCGTAT 30 . Disruption was later conﬁrmed
opriate amino acids (40 lg/ml) except for leucine and by polymerase chain reaction
CAGTACTT 30 and 50 ATTTTGGCGTTGCTTCGAA A 30). Exponential phase cells were
128 F.M. Munari et al. / Fungal Genetics and Biology 60 (2013) 122–132induction by this agent. Also, survival assays of S. cerevisiae (Mu-
nari et al., unpublished data), showed very slight increase in sensi-
tivity of yku70D mutant, in relation to wild-type (BY4741), after
treatment with 8-MOP+UVA in exponentially growing cells. The
double mutant pso2Dyku70D resembles the high sensitivity of
the single pso2D mutant to the treatment, suggesting that NHEJ
do not contribute signiﬁcantly for the survival at these conditions.
These results are in agreement with McHugh et al. (2000) that
investigated the survival and DSBs repair in yeast cells following
HN2 treatment, suggesting that NHEJ is not a major pathway for
survival in either stationary or exponential phase. The repair of
the DSBs was examined by CHEF analysis of exponentially growing
W303-1B (parental), rad52, yku70, or yku70 rad52 mutant cells
which were allowed to repair the DSBs in drug-free minimal med-
ium for different time periods. Whereas the restoration of chromo-
somes was nearly complete in the parental and yku70 strains by
24 h of repair, only 15% of restoration was evident for rad52 mu-
tant. In the yku70rad52 double mutant, the induction of DSBs
was as for the rad52 strain, but there was no restoration of the
high-molecular-weight DNA. These data permit authors toFig. 2. Proposed model for Pso2 nuclease acting on double-strand break induced duri
function of Xrs2p in DSB signaling, turning the lesion accessible. Xrs2p could be directing
non-epistatic interaction with MRE11 in repair of 8-MOP+UVA-induced ICL, and epista
MMEJ, that is Rad52p independent in yeast (Lee and Lee, 2007) or to (5) extensive resecti
in repair of 8-MOP+UVA-induced ICL. Rad50p maintains DNA ends close and helps in D
intermediate could be directed for resection by Exo1p or to FA-like pathway as double
MOP+UVA treatment, which is much lower than the sensitivity of the single pso2Dmuta
similar sensitivity of the single and double mutants after 8-MOP+UVA treatment (M
(Henriques and Moustacchi, 1981). Pso2p is involved in ICL repair by HR to prevent col
complex (Sgs1p/Top3p/Rmi1p)+Dna2p direct the DSB substrate to (9) MMEJ or to (10)
Gautier, 2011). In S. cerevisiae, Rad52p is also required for efﬁcient SSA (McVey and Lee,
arrows with dashed lines refer to inferences made from our results; gray arrows with
inferences made from literature). (For interpretation of the references to colour in this ﬁconclude that NHEJ can repair DSBs in the absence of the RAD52-
mediated pathways, but this repair does not signiﬁcantly enhance
survival.
In contrast, PSO2 and RAD52 showed non-epistatic interaction
in exponential phase growth following HN2 exposure (Ward
et al., 2012). Moreover, the double mutants pso2yku70 and
pso2dnl4 presented enhanced sensitivity to HN2 in relation to the
pso2 single mutant, although the single mutants demonstrated
WT sensitivity (Ward et al., 2012). These results indicated that
NHEJ plays a role in repair of HN2 induced ICL in absence of func-
tional Pso2p.
5. Relationships between Pso2p and MRX complex
MRX complex (Mre11p-Rad50p-Xrs2p) is conserved from yeast
to humans and acts as a DNA damage sensor speciﬁc for DSBs,
since earliest events in the DNA damage response include its
recruitment to the sites of damage (Rupnik et al., 2010). In S. cere-
visiae, MRX complex and Sae2p are required for efﬁcient DSB end
resection being implicated in the onset of 50-strand resection,ng repair of DNA interstrand crosslinks in Saccharomyces cerevisiae. (1) Individual
the DSB to (2) Pso2p or to (3) MRX complex for further processing as PSO2 showed
tic interaction with XRS2. MRX complex+Sae2p may direct the intermediate to (4)
on by Exo1p (Cannavo et al., 2013). (6) PSO2 and RAD50 showed epistatic interaction
SB repair process (D’Amours and Jackson, 2002). (7) In absence of Xrs2p, the repair
mutant xrs2Dpso2D resembles the sensitivity of the single mutant xrs2D after 8-
nt. (8) PSO2 and RAD52 showed epistatic interaction in exponential cell growth with
unari et al., unpublished data) and non-epistatic interaction in stationary phase
lapse of replication fork during S phase of cell cycle (McHugh et al., 2000). The STR
an extensive resection, which impairs MMEJ and stimulates HR (Symington and
2008) (green arrows with solid lines indicate results presented in this paper; green
solid lines indicates data from literature; gray arrows with dashed lines indicates
gure legend, the reader is referred to the web version of this article.)
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in extensive resection. Moreover, MRX complex, along with Ku
proteins, regulates the association of Exo1p and Dna2p with DNA
breaks (Shim et al., 2010), thus permitting a switch from the
MRX/Sae2-dependent initiation to the Exo1- and Dna2-dependent
resection. It has been shown that in the absence of end protection
by Ku proteins, the requirement for the MRX complex is bypassed
and resection is executed by Exo1p (Mimitou and Symington,
2010). In contrast, both the Exo1p and Sgs1p resection pathways
contribute to DSB processing in the absence of Ku complex and
Sae2p or when the MRX complex is intact, but functionally com-
promised by elimination of the Mre11p nuclease activity (Mimitou
and Symington, 2010).
In order to investigate the interplay of MRX complex with Pso2p
in the repair of ICLs, we performed survival assays with a set of S.
cerevisiaemutants. Exponential phase cells were assayed for 8-MO-
P+UVA sensitivity according to Henriques and Moustacchi (1980).
Observing survival data on Fig. 1A, it is noted that double mutation
mre11Dpso2D leads to a higher sensitivity in relation to pso2D sin-
gle mutant after 8-MOP+UVA treatment, indicating a non-epistatic
interaction between these genes with PSO2 and MRE11 genes act-
ing on the same substrate, but in distinct DNA repair pathways.
This non-epistatic interaction is more prominent after treatment
of cells with HN2, as can be seen in the detailed box on Fig. 1A.
We have also identiﬁed that double mutation rad50Dpso2D leads
to a similar sensitivity in relation to pso2D and rad50D single mu-
tants (Fig. 1B) after exposition to photoactivated psoralen, indicat-
ing an epistatic interaction between these genes in the repair of
DNA-ICL lesions. On the other hand, survival data for disruptants
for PSO2 and XRS2 genes (Fig. 1C) show that the double mutant
xrs2Dpso2D presents a similar sensitivity to the single mutant
xrs2D after 8-MOP photoaddition. Otherwise, double mutant
xrs2Dpso2D appears to be less sensitive to the treatment than
the single mutant pso2D. This indicates an epistatic interaction be-
tween PSO2 and XRS2 genes, and it is likely that the mutation in
both genes is recovering part of the sensitivity for pso2D mutation
alone.
The analysis of these results leads to the conclusion that Pso2
and Rad50 proteins act in the same ICL repair pathway, while
Mre11p acts in a parallel pathway (Fig. 2). Rad50p is able to play
several functions on DSB ends (D’Amours and Jackson, 2002). In
this case, Rad50p could be acting to keep DSB ends close after
Pso2p processing, while resection of DNA ends occurs to expose
homologous regions. In relation to Xrs2p, the results suggest that
it acts in the same ICL repair pathway with Pso2p, but in a previous
step. Possibly, when Xrs2p is absent the substrate is directed to an
alternative repair pathway (without Pso2p involvement). A fork-
head-associated domain of yeast Xrs2 was shown to promote
non-homologous end joining through interaction with a ligase IV
partner protein, Lif1 (Matsuzaki et al., 2008). The authors suggest
that mutation in this domain impairs one or two of the three
DSB repair pathways in yeast in the absence of HR - NHEJ, MMEJ
or SSA. They observed two modes of HO-induced DSBs repair, rapid
(error-free) and slow (error-prone) that could be NHEJ and MMEJ
or SSA, both defective in lif1 null mutant. Moreover, the presence
of Xrs2-Lif1 complex in vivo depends upon the presence of
Mre11 (Matsuzaki et al., 2008). Xrs2p absence also impairs Mre11p
and Rad50p recruitment to form MRX complex at the DSB site
(D’Amours and Jackson, 2001; Ungar et al., 2011). Recently results
of Ho and Burgess (2011) describe Xrs2p acting on recombination
checkpoint activation in response to non-processed DSBs. There-
fore, we suggest that Xrs2p may be playing a role independent of
MRX complex, acting in lesion signaling and directing DSB repair
to the Pso2p dependent pathway. In Pso2p absence, repair could
be directed to the Fanconi anemia-like pathway, recently identiﬁed
in S. cerevisiae (Daee et al., 2012; McHugh et al., 2012; Ward et al.,2012) described below in more details. A scheme of our proposed
model is presented in Fig. 2.6. The Fanconi anemia pathway is functionally conserved in S.
cerevisiae: a partner and an alternative for ICL repair
The Fanconi anemia (FA) DNA repair pathway is a major regula-
tor of human ICL repair, and was named based on FA patients,
which have mutations in one of the ﬁfteen FA or FA-like proteins.
FA consists of an inherited human disorder, which is characterized
by extreme sensitivity to ICL forming agents and genomic instabil-
ity, leading to developmental defects and cancer predisposition
(Auerbach, 2009; Muniandy et al., 2010). Like human FA cells,
yeast pso2 mutants are highly sensitive to ICLs, but not to other
forms of DNA damage (Henriques and Moustacchi, 1980; Ruhland
et al., 1981b). Until recently, FA was believed to be a DNA repair
pathway restricted to vertebrates.
FANCM is one of the few FA proteins with clear, evolutionarily
conserved orthologs in lower organisms – Mph1 in S. cerevisiae,
Fml1 in Schizosaccharomyces pombe, and Hef in Archaebacteria
(Meetei et al., 2005; Wang, 2007; Sun et al., 2008). In both, yeast
and mammalian pathways, Mph1/FANCM-mediated fork regres-
sion or stabilization of DNA replication machinery stalled at the
ICL is a key step in FA pathway (Daee and Myung, 2012). Interest-
ingly, yeast cells disrupted forMPH1 alone are not sensitive to ICLs,
in contrast to vertebrate fancm mutants; however, co-disruption
with PSO2 gene revealed an important role for Mph1 protein in
ICL repair (Meetei et al., 2005; Ward et al., 2012).
Recently, an ICL repair pathway conserved throughout evolution
has been characterized in yeast that besidesMph1p, is composed by
Chl1p, Mhf1p and Mhf2p (FANCJ, MHF1 and MHF2 mammalian
homologs, respectively) (Daee et al., 2012). This pathway is epi-
static with Rad5-mediated DNA damage bypass and distinct from
the ICL repair pathways mediated by Rad18p and Pso2p (Daee
et al., 2012). In the model proposed by the authors, Rad5p responds
to the ICL-stalled replication fork, ubiquitinates PCNA and recruits
Mph1p, which in turn interacts with Mhf1p and Mhf2p to stabilize
at ICL damage sites and reverse the fork, thus protecting the inter-
mediates during repair (Yan et al., 2010; Singh et al., 2011) and pre-
venting ICL-stalled replication forks from collapsing into DSBs
(Daee and Myung, 2012). Next, HR proteins, including Rad52p
and Rad51p, ﬁll in gaps post-incision and/or repair DSBs that arise
during ICL repair (Symington, 2002; Hinz, 2010).
In addition, it has been demonstrated thatMph1p physically and
functionally interacts with Mgm101p, a protein previously impli-
cated in mitochondrial DNA repair, and the MutSamismatch repair
factor (Msh2p-Msh6p) (McHugh et al., 2012). Co-disruption of
MPH1, MGM101, MSH2, or MSH6 with PSO2 gene produces a le-
sion-speciﬁc increase in ICL sensitivity, the elevation of ICL-induced
chromosomal rearrangements, and persistence of ICL-associated
DSBs. The authors propose that Mph1-Mgm101-MutSa directs
the ICL-induced recruitment of Exo1p to chromatin, placing Exo1p
as an alternative 50-exonuclease utilized for ICL repair in the ab-
sence of Pso2 (Ward et al., 2012). The authors propose that ICL re-
pair in exponential growing S. cerevisiae cells has overlapping or
redundant participation of Pso2p and FA-like pathways with a ma-
jor contribution of the former. In the case of pso2 cells, FA-like path-
way constitutes an alternative for ICL repair, preventing replication
forks from collapsing into DSBs and stabilizing the generated ICL re-
pair intermediate structure. In the absence of both Pso2 and FA
pathways, replication forks collapse into unrepairable DSBs upon
ICL treatment leading to cell death (McHugh et al., 2012).
Taken together, these studies suggest that a prototypical FA-re-
lated ICL repair pathway operates in budding yeast, which acts
redundantly with the pathway controlled by Pso2p, and is required
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pair (McHugh et al., 2012; Ward et al., 2012).7. Concluding remarks
The maintenance of genomic integrity comprises several biolog-
ical processes which include DNA replication and repair, besides
signaling pathways that coordinate DNA metabolism and cell cycle
progression. Although the basic mechanisms and biochemical
activities involved in ICL repair appear to be conserved throughout
evolution, this is a complex process in eukaryotes, mainly because
it involves several repair pathways and factors which may overlap,
in a cell cycle-dependent manner (Dronkert and Kanaar, 2001;
McHugh et al., 2001; Cattell et al., 2010; McVey, 2010). Yeast cells
require a combination of NER, HR, PRR, TLS and FA-like pathway to
remove ICLs (Henriques and Moustacchi, 1981; McHugh et al.,
2000, 2012; Grossmann et al., 2001; Dudás et al., 2007; Lehoczky´
et al., 2007; Shen and Li, 2010). In addition, Pso2p is involved spe-
ciﬁcally in repair of ICLs induced by nitrogen mustards, cisplatin
and photoactivated bifunctional psoralens (Henriques and Mou-
stacchi, 1980; Bonatto et al., 2005d; Cattell et al., 2010). A rela-
tively detailed knowledge of these pathways has been
accumulated by the efforts over several decades. The characteriza-
tion of yeast Pso2 homologs in humans reinforce the importance of
this nuclease in the maintenance of genome integrity, e.g., in telo-
mere maintenance (Van Overbeek and De Lange, 2006), immune
diversity (Moshous et al., 2001), and prevention of chromosomal
instability (Hemphill et al., 2008).
However, more studies are needed to elucidate the precise
mechanisms of ICL repair processes in eukaryotes (Muniandy
et al., 2010; Daee et al., 2012). Many features concerning the mech-
anism and purpose of MMEJ have yet to be clariﬁed, and special
attention should be given to the fact that not every alternative
end-joining event is MMEJ and certain alternative end-joining
events are clearly distinct from MMEJ, probably representing an-
other end-joining pathway waiting to be deﬁned (McVey and
Lee, 2008). Taking into account the studies referred here, it is not
an overstatement to wonder that interesting connections exist be-
tween MMEJ, DNA-ICL repair pathways and the Fanconi anemia
(FA) genes. Intriguingly, certain FA cell lines are deﬁcient in
DNA-PKcs-independent plasmid joining involving microhomolo-
gies, consistent with a role for FA genes in MMEJ (McVey and
Lee, 2008). In addition, two Chinese hamster ovary (CHO) cell lines
that are sensitive to the crosslinking agent mitomycin C also dem-
onstrate reduced MMEJ-mediated DSB repair (Verkaik et al., 2002).
Further investigations for components that might be shared by
both MMEJ and ICL repair pathways could provide new insights
into the mechanisms and regulation of both. The results obtained
by Myung and co-workers and McHugh and co-workers validate
the yeast model for future studies of the FA repair pathway and
suggest existing of other functional FA homologs (Daee and
Myung, 2012; McHugh et al., 2012).
S. cerevisiae played an important role in the initial studies to
identify genes involved in the complex process of DNA repair. As
can be seen from the studies conducted over the last four decades,
this simple eukaryote still represent a model that encloses great
potential to help unravel the mechanisms of repair and tolerance
to DNA damage, generating a knowledge which serves as the start-
ing point to advance in the study of more complex models.Acknowledgments
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